M ore than 90% of patients with metastatic castration-resistant prostate cancer have radiologic evidence of bone metastases, which are a major cause of death, disability, decreased quality of life, and increased treatment cost among these patients. 1,2 Unlike deaths from many other types of cancer, deaths from prostate cancer are often due to bone disease and its complications. 3 Current bone-targeted therapies have not been shown to improve survival, and the benefits derived from bisphosphonates, denosumab, and existing radioisotope treatments are primarily limited to pain relief and delay of skeletal events. [4] [5] [6] [7] [8] [9] [10] [11] [12] [13] Radium-223 dichloride (radium-223) is a targeted alpha emitter that selectively binds to areas of increased bone turnover in bone metastases and emits high-energy alpha particles of short range (<100 μm). 14 As a bone-seeking calcium mimetic, radium-223 is bound into newly formed bone stroma, especially within the microenvironment of osteoblastic or sclerotic metastases. 15, 16 The high-energy alpha-particle radiation induces mainly double-stranded DNA breaks that result in a potent and highly localized cytotoxic effect in the target areas. 10, 15, 17, 18 The short path of the alpha particles also means that toxic effects on adjacent healthy tissue and particularly the bone marrow may be minimized. 16, 19, 20 Radium-223 has been reported to have a favorable safety profile, with minimal myelotoxicity, in phase 1 and 2 studies involving patients with bone metastases. 21, 22 Phase 2 studies have shown that radium-223 reduces pain and improves disease-related biomarkers (e.g., bone alkaline phosphatase and prostate-specific antigen [PSA]), [22] [23] [24] and they have suggested a survival benefit among patients with castration-resistant prostate cancer and bone metastases. 22 To evaluate the effect of radium-223 on survival, we conducted the Alpharadin in Symptomatic Prostate Cancer Patients (ALSYMPCA) study, a phase 3, randomized, double-blind, multinational study comparing the efficacy and safety of radium-223 versus placebo in patients with castration-resistant prostate cancer and bone metastases.
Me thods

Study Oversight and Conduct
The study was designed, conducted, and analyzed by employees of Algeta and Bayer HealthCare Pharmaceuticals, the sponsors, in collaboration with the study investigators. The blinded database was held at a third-party contract clinical research organization that provided data to the independent data and safety monitoring committee, assembled by the sponsors. After the independent data and safety monitoring committee recommended unblinding of the data, analyses were performed as defined in the statistical-analysis plan by statisticians employed by the sponsors, and the results were reviewed by the authors. The study investigators signed time-limited confidentiality agreements with the sponsors regarding publishing of the study data. Assistance in writing the first draft of the manuscript was provided by a professional medical writer paid by Bayer HealthCare Pharmaceuticals. All authors wrote the manuscript, made the decision to submit it for publication, and assume responsibility for the completeness and integrity of the data and adherence of the study to the protocol. The protocol and statistical-analy sis plan are available with the full text of this article at NEJM.org.
The institutional review board at each participating center approved the study, which was conducted in accordance with the Declaration of Helsinki and the Good Clinical Practice guidelines of the International Conference on Harmonisation.
Patients
Patients were eligible to participate in the study if they had histologically confirmed, progressive castration-resistant prostate cancer with two or more bone metastases detected on skeletal scintigraphy and no known visceral metastases; were receiving the best standard of care; and had received docetaxel, were not healthy enough or declined to receive it, or it was not available. Castration-resistant disease was defined as a serum testosterone level of 50 ng per deciliter or lower (≤1.7 nmol per liter) after bilateral orchiectomy or during maintenance treatment consisting of androgen-ablation therapy with a luteinizing hormone-releasing hormone agonist or polyestradiol phosphate. Patients with castrationresistant disease during maintenance treatment were required to continue that treatment throughout the study. Patients were required to have symptomatic disease with regular use of analgesic medication or treatment with external-beam radiation therapy required for cancerrelated bone pain within the previous 12 weeks. Additional eligibility criteria included a baseline PSA level of 5 ng per milliliter or higher with evidence of progressively increasing PSA values (two consecutive increases over the previous reference value); an Eastern Cooperative Oncology Group (ECOG) performance-status score of 0 to 2 (on a scale of 0 to 5, with 0 indicating no symptoms and full activity and higher scores indicating greater functional compromise 25 ) (see the definitions of ECOG performance-status scores in the Supplementary Appendix, available at NEJM.org); a life expectancy of 6 months or longer; and adequate hematologic, renal, and liver function.
Patients were excluded if they had received chemotherapy within the previous 4 weeks or had not recovered from adverse events due to chemotherapy. Additional exclusion criteria were previous hemibody external radiotherapy, systemic radiotherapy with radioisotopes within the previous 24 weeks, a blood transfusion or use of erythropoietin-stimulating agents within the previous 4 weeks, a malignant lymphadenopathy that was more than 3 cm in the short-axis diameter, a history of or the presence of visceral metastases, and imminent or established spinal cord compression. All patients provided written informed consent.
Study Design and Regimen
Patients were stratified according to previous use or nonuse of docetaxel, baseline alkaline phosphatase level (<220 U per liter vs. ≥220 U per liter), and current use or nonuse of a bisphosphonate. They were randomly assigned in a 2:1 ratio to receive six intravenous injections of radium-223 (at a dose of 50 kBq per kilogram of body weight) or matching placebo; one injection was administered every 4 weeks (see Fig. S1A and the description of radium-223 radiation safety in the Supplementary Appendix). The best standard of care was defined as the routine care provided at each center (e.g., local external-beam radiation therapy or treatment with glucocorticoids, antiandrogens, ketoconazole, or estrogens such as diethylstilbestrol or estramustine). Chemotherapy, hemibody external radiotherapy, and other systemic radionuclides were not permitted during the period from the first injection of the study drug to 4 weeks after the last injection of the study drug. The planned follow-up period was 3 years.
The primary end point was overall survival, defined as the time from randomization to the date of death, regardless of cause. The main secondary efficacy end points were the time to an increase in the total alkaline phosphatase level (defined as an increase of ≥25% from baseline at ≥12 weeks, in patients with no decrease from baseline, or as an increase of ≥25% above the nadir, confirmed ≥3 weeks later, in patients with an initial decrease from baseline), a total alkaline phosphatase response (defined as a reduction of ≥30% from the baseline value, confirmed ≥4 weeks later), the time to the first symptomatic skeletal event (defined as the first use of external-beam radiation therapy to relieve skeletal symptoms, new symptomatic pathologic vertebral or nonvertebral bone fractures, spinal cord compression, or tumor-related orthopedic surgical intervention), normalization of the total alkaline phosphatase level (defined as a return to a value within the normal range at 12 weeks [confirmed by two consecutive measurements ≥2 weeks apart] in patients with total alkaline phosphatase values above the upper limit of the normal range at baseline), and the time to an increase in the PSA level (defined as a relative increase of ≥25% from the baseline level and an absolute increase of ≥2 ng per milliliter at ≥12 weeks, in patients with no decrease in the PSA level from baseline, or a relative increase of ≥25% and an absolute increase of ≥2 ng per milliliter above the nadir, confirmed ≥3 weeks later, in patients with an initial decrease from baseline). Other secondary end points included additional efficacy end points (listed in Table S1 in the Supplementary Appendix), safety end points, and quality of life.
Study Assessments
Efficacy assessments included survival status, clinically evaluated symptomatic skeletal events, and total alkaline phosphatase and PSA concentrations. Safety was assessed on the basis of adverse events, hematologic values, clinical laboratory variables, and findings on electrocardiography and physical examination. All adverse events that occurred after randomization and within 12 weeks after the last injection of the study drug were reported and evaluated for their potential relationship to the study drug. Adverse events that occurred more than 12 weeks after the final injection of the study drug were reported only if they were determined to be related to the study drug by the investigator. Adverse events were graded according to the Common Terminology Criteria for Adverse Events, version 3.0 (http://ctep.cancer.gov/protocol Development/electronic_applications/docs/ctcaev3 .pdf). Quality of life was assessed with the use of the Functional Assessment of Cancer TherapyProstate (FACT-P) questionnaire. 26 The 
Statistical Analysis
A sample of 900 patients was required to provide a statistical power of 90% to detect a hazard ratio of 0.76 for the risk of death in the radium-223 group versus the placebo group with a two-sided alpha significance level of 0.05. The final overall survival analysis would be conducted after approximately 640 deaths had occurred. One formal interim analysis was planned after approximately 50% of the deaths (i.e., 320 deaths) had occurred, to assess the effect of radium-223 on the primary end point (overall survival). As prespecified in the protocol, the Lan-DeMets alpha spending approach 27 was applied with O'Brien-Fleming stopping boundaries 28 to evaluate the difference in overall survival between the two groups. On the basis of the actual number of deaths at the time of the interim analysis (314), a two-sided alpha significance level of 0.0028 or lower was required to support early termination of the study for efficacy. An independent data and safety monitoring committee was responsible for evaluating the results of the interim analysis. On the basis of this evaluation, which showed a survival advantage with radium-223 and an acceptable safety profile, the committee recommended early discontinuation of the trial and crossover from placebo to radium-223. We report here the results of an updated descriptive analysis of the efficacy and safety data, performed when 528 deaths had occurred, before any crossover treatment with radium-223 was administered. 
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The stratified log-rank test was used as the primary analysis for survival; subgroup analyses were performed to assess whether the treatment effect was consistent across subgroups. The main secondary efficacy end points were analyzed with the use of a gatekeeping procedure to control for the overall type I error rate; an end point was tested at a two-sided significance level of 0.05 only if the two-sided P value for all higher-ranking end points was 0.05 or lower. The intention-to-treat population included all randomly assigned patients, and the safety population was composed of patients who received at least one injection of a study drug.
After unblinding of the data, inconsistencies were noted between the total number of symptomatic skeletal events as reported on the casereport form and the number in the listings of adverse events. Thus, a post hoc sensitivity analysis was performed after resolution of these inconsistencies with the study sites. As shown in Figure S2 and Table S2 in the Supplementary Appendix, these inconsistencies did not affect the results of the original analysis to any meaningful degree.
R e sult s
Patients and Study Regimen
From June 2008 through February 2011, a total of 921 patients were enrolled (614 in the radium-223 group and 307 in the placebo group) at 136 study centers in 19 countries and were included in the intention-to-treat population (Fig. S1B in the Supplementary Appendix). The safety population included 901 patients (600 in the radium-223 group and 301 in the placebo group). Baseline clinical and demographic characteristics were well balanced between the study groups ( Table 1) . The planned interim analysis was based on data from 809 enrolled patients (541 in the radium-223 group and 268 in the placebo group) ( Table S3 in the Supplementary  Appendix) .
Overall, as of this writing, 532 of 921 patients (58%) had received all six injections of the study drug (387 patients in the radium-223 group [63%] and 145 in the placebo group [47%]). The median number of injections was six in the radium-223 group and five in the placebo group. 
Efficacy
At the interim analysis, the median overall survival was 14.0 months in the radium-223 group and 11.2 months in the placebo group (Fig. S3A in the Supplementary Appendix). Radium-223, as compared with placebo, was associated with a 30% reduction in the risk of death (hazard ratio, 0.70; 95% confidence interval [CI], 0.55 to 0.88; two-sided P = 0.002). In the intention-to-treat population, 314 patients died. In the radium-223 group, 191 of 541 patients died (35%), and in the placebo group, 123 of 268 patients died (46%). The effect of radium-223 on overall survival was consistent across all subgroups (Fig. S3B in the Supplementary Appendix), and radium-223, as compared with placebo, was not associated with significantly more grade 3 or 4 toxic effects (Table S4 in the Supplementary Appendix). On the basis of these data, the independent data and safety monitoring committee recommended termination of the trial.
In the updated analysis, the median overall survival was 14.9 months in the radium-223 group and 11.3 months in the placebo group (Fig. 1A) . The updated analysis confirmed the 30% reduction in the risk of death among patients in the radium-223 group as compared with the placebo group (hazard ratio, 0.70; 95% CI, 0.58 to 0.83; P<0.001). A total of 528 patients in the intention-to-treat population died. In the radium-223 group, 333 of 614 patients died (54%), and in the placebo group, 195 of 307 patients died (64%). The effect of radium-223 on overall survival was consistent across all subgroups (Fig. 2) .
All main secondary efficacy end points provided support for the benefit of radium-223 plus the best standard of care over placebo plus the best standard of care (Table 2) . Radium-223, as compared with placebo, significantly prolonged the time to the first symptomatic skeletal event (median, 15.6 months vs. 9.8 months; hazard ratio, 0.66; 95% CI, 0.52 to 0.83; P<0.001) (Fig. 1B) , the time to an increase in the total alkaline phosphatase level (hazard ratio, 0.17; 95% CI, 0.13 to 0.22; P<0.001) (Fig. S4A in the Supplementary Appendix), and the time to an increase in the PSA level (hazard ratio, 0.64; 95% CI, 0.54 to 0.77; P<0.001) (Fig. S4B in the Supplementary Appendix). Increases in the alkaline phosphatase and PSA levels, as defined in the protocol, were assessed after 12 weeks; a post hoc analysis of alkaline phosphatase and PSA levels from the start of study-drug administration is shown in Figure S4C and S4D in the Supplementary Appendix, respectively. In addition, a significantly higher proportion of patients in the radium-223 group than in the placebo group had a response according to the total alkaline phosphatase level (≥30% reduction, P<0.001) and normalization of this level (P<0.001). A 30% or greater reduction in PSA blood levels at week 12 was achieved in 16% of patients in the radium-223 group and in 6% of patients in the placebo group (P<0.001). This reduction was sustained 4 weeks after the last injection in 14% of patients in the radium-223 group and in 4% of patients in the placebo group (P<0.001). 
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Safety
The number of patients who had adverse events after they received the study drug was consistently lower in the radium-223 group than in the placebo group for all adverse events (558 of 600 pa- Hematologic and nonhematologic adverse events that occurred in at least 5% of patients in either study group are shown in Table 3 . Overall, no clinically meaningful differences in the frequency of grade 3 or 4 adverse events were observed between the study groups. Grade 3 febrile neutropenia was reported in one patient (<1%) in the radium-223 group and in one patient (<1%) in the placebo group. Only one grade 5 hematologic adverse event was considered to be possibly related to the study drug: thrombocytopenia in a patient in the radium-223 group, who died from pneumonia with hypoxemia, with no evidence of bleeding. For serious adverse events that occurred in at least 5% of patients in the radium-223 group or the placebo group, the respective frequencies were as follows: disease progression (11% and 12%), bone pain (10% and 16%), anemia (8% and 9%), and spinal cord compression (4% and 5%).
A significantly higher percentage of patients who received radium-223, as compared with those 
Figure 2. Subgroup Analysis of Hazard Ratios for Death in the Two Study Groups.
The Eastern Cooperative Oncology Group (ECOG) scores the performance status of patients with respect to activities of daily living as follows: 0, fully active and able to carry out all predisease activities without restriction; 1, restricted in physically strenuous activity but ambulatory and able to carry out work of a light nature; 2, ambulatory and up and about for more than 50% of waking hours and capable of self-care but unable to carry out work activities; 3, capable of only limited self-care and confined to a bed or chair for more than 50% of waking hours; 4, completely disabled; and 5, dead. The category for use of opioids includes patients with a score of 2 or 3 on the World Health Organization "ladder" for cancer pain (a score of 1 indicates mild pain and no opioid use, 2 indicates moderate pain and occasional opioid use, and 3 indicates severe pain and regular daily opioid use). The category for nonuse of opioids includes patients without pain or opioid use at baseline and patients with a score of 1 on the WHO ladder for cancer pain. Superscan refers to a bone scan showing diffuse, intense skeletal uptake of the tracer without renal and background activity. ALP denotes alkaline phosphatase, and NE not evaluated.
The who received placebo, had a meaningful improvement in the quality of life according to the FACT-P total score (i.e., an increase in the score of ≥10 points on a scale of 0 to 156, with higher scores indicating a better overall quality of life) during the period of study-drug administration (25% vs. 16%, P = 0.02). The mean change in the FACT-P total score from baseline to week 16 significantly favored the radium-223 group, as compared with the placebo group (−2.7 vs. −6.8, P = 0.006).
Discussion
In this phase 3 study, radium-223 significantly prolonged overall survival in patients who had castration-resistant prostate cancer and bone metastases, with a 30% reduction in the risk of death, as compared with placebo. In the updated analysis, the median survival was longer among patients who received radium-223 than among those who received placebo, by 3.6 months. All main secondary efficacy end points were significant and favored treatment with radium-223, including the clinically defined end point of the time to the first symptomatic skeletal event, which was significantly prolonged among patients who received radium-223. Whereas other trials included asymptomatic fractures -detected by means of periodic radiologic review -as skeletal events, in this study, only symptomatic pathologic bone fractures were included as symptomatic skeletal events.
The highly targeted nature of radium-223, with alpha particles of short range (<100 μm), minimizes myelosuppression and has limited effects on normal tissue. The overall incidence of adverse events was consistently lower in the radium-223 group than in the placebo group for adverse events of all grades, grade 3 or 4 adverse events, and serious adverse events. The number of patients who discontinued the study drug because of adverse events was also lower in the radium-223 group. No clinically meaningful differences in the frequency of hematologic adverse events were observed between the study groups.
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